Tetrahymena pyriformis, Neurospora crassa, and Aspergillus fumigatus that had been grown in simple defined media were extracted with acid ethanol by a classic method for recovering insulin from pancreas. After filtration of the extracts on Sephadex G-50, distinct peaks of insulin immunoreactivity were recovered in the region typical of insulin. The gel-filtered material from the Tetrahymena had reactivity in the pork insulin radioimmunoassay about equal to its reactivity in the insulin bioassay (stimulation of lipogenesis in isolated rat adipocytes), and the gel-filtered material from neurospora had an immunoreactivity-to-bioactivity ratio of about 1:3. The material that stimulated lipogenesis could be neutralized by anti-insulin sera (i.e., 75-95% of the Tetrahymena material and 60% of the Neurospora material). Bioactive and immunoactive insulin was found in the conditioned medium equal in amount to that in the cells. The findings suggest that insulin did not arise evolutionarily in the intestinal or neural tissues of primitive vertebrates or complex invertebrates but rather has its molecular origins at least as far back as the simplest unicellular eukaryotes.
rahymena pyriformis, a ciliated protozoa) grown in defined media in the absence of macromolecules. We also found insulin-like materialt in the conditioned medium in which the protozoa had been grown. Thus, insulin is evolutionarily much more ancient than had been thought. This indicates that a fundamental element of a typical endocrine system, the hormone, exists in unicellular organisms. The anatomical elements of an endocrine (or neuroendocrine) system-i.e. multicellularity, specific secretory cells, neurons, differentiated target cells, and a circulatory system or extracellular fluid compartment to carry the chemical messenger, developed later.
MATERIALS AND METHODS Unicellular Organisms. T. pyriformis (gift of Nancy Lamontagne), was grown at 30'C in a medium containing glucose, amino acids, minerals, vitamins, and inorganic salts (11) but no serum or other macromolecules, under controlled aeration conditions, and harvested at the end of the logarithmic growth phase (after 3648 hr). The cells were separated from the growth medium by centrifugation at 40C, stored at -70'C, and then extracted. The conditioned medium was concentrated to 2% of the original volume by ultrafiltration in an Amicon DC-30 having a hollow-fiber membrane type H5P2 (cut off molecular weight = 2000), and this was extracted in 10 vol of acid ethanol as described below. N. crassa (ATCC 26, 188) was grown in Vogel's citrate minimal medium (ATCC medium 332). A. fumigatus was grown in a synthetic medium containing 30mM KH2PO4/3 mM K2HPO4/20 mM MgSO4/30 mM glucose/7 mM asparagine/80 juM biotin/40,M thiamine. Both Neurospora and Aspergillus were harvested and processed as described for Tetrahymena.
Extraction of Insulin. A standard extraction procedure was used (12) as described (9, 13) , except that albumin was eliminated. The organisms were weighed and homogenized (by using a Brinkman Polytron for small batches of Tetrahymena, a Manton Gaulin laboratory homogenizer for large batches of Tetrahymena, and a Waring blender for Neurospora) in 10 vol of ice-cold acid ethanol (0.2 N HCI/75% ethanol). The suspension was mixed overnight at 40C and then centrifuged at 1500 X g for 20 min at 40C. The precipitate was discarded, and the supernatant was concentrated by air evaporation at room temperature, resuspended in 5 vol of 0.05 M (NH4)2CO3, and neutralized with concentrated NH40H. This mixture was centrifuged at 1500 X g for 20 min at 40C, the precipitate was discarded, and the supernatant was lyophilized and reconstituted with distilled water. The reconstituted extract was applied to a column of Sephadex G-50 (medium) and eluted with 0.05 M (NH4)2CO3. RESULTS Protozoa. When acid-ethanol extracts of Tetrahymena were gel filtered, the material recovered in a peak in the region typical of insulin exhibited insulin immunoreactivity (approximately 100 pg/g of wet weight) ( Fig. 1A ; Table 1 ). On serial dilution over a 10-fold range, the gel-filtered material was similar to standard mammalian insulins (Fig. 1B) . Aliquots of the gel-filtered material stimulated glucose incorporation into lipids, and the bioactivity was largely neutralized in the presence of anti-insulin antibody ( Fig. IC ; Table 1 ).
The conditioned medium in which the protozoa had been * Although the material we call insulin has not been purified and sequenced, in this paper, we use the term "insulin" to indicate material that migrates in the position of insulin on gel filtration, is reactive in the radioimmunoassay for pork insulin, and has insulin bioactivity in rat adipocytes that is neutralized by anti-insulin sera. By these criteria, it is more similar to insulin than any substance known (that is not insulin), and it is nearly as well characterized chemically as, for example, circulating insulin. 6184
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 4 days of incubation, the precipitates were separated from the supernatants, and the supernatants were added to C13CCOOH (5% final concentration); at least 92%/ of the radioactivity was precipitated in both the extracts and the control (extract-free) samples. In the second, duplicate samples of extracts (or of control) were incubated in the radioimmunoassay in the usual way. After 72 hr, an excess (1:1000) of anti-insulin serum was added to one sample of each extract and each control.
Twelve hours later, the goat anti-guinea pig serum was added to both samples to precipitate the antibody-bound insulin in the usual way. By using excess antibody, more than 90% of the labeled insulin was precipitated-in both the extract and the control samples. (C) Bioassay. Biological activities of extracts were measured as lipogenesis-i.e., incorporation of [3-3H] glucoseinto toluene-extractable lipids (16) by isolated fat cells prepared from epididymal fat pads of young Sprague-Dawley rats. To show that the bioactive molecules were reactive with anti-insulin antibody, duplicate aliquots were mixed with a 1:100 dilution of guinea pig anti-porcine insulin serum 619 or normal guinea pig serum before their addition to the bioassay. Normal guinea pig serum at this concentration had no effect on the bioassay. After gel filtration, the reconstituted material was tested for biological activity. The " Column fractions" represents the sum of the immunoreactive insulin content of the individual effluent fractions that correspond in position to the peak of mammalian insulin. The fractions closest to the middle of this peak were pooled, lyophilized, and reconstituted in a small volume; an aliquot was measured in the radioimmunoassay (RIA) at one or more dilutions and the remainder was measured in the bioassay. The bioactivity of some aliquots was also measured in the presence of anti-insulin antibody; the percentage decrease in bioactivity in the presence of anti-insulin antibody was calculated as described in the Legend to Fig. 1 . The conditioned and unconditioned media were processed and extracted in an identical manner. NT, not tested.
DISCUSSION
Extending earlier observations (10, (18) (19) (20) (21) (22) , it has recently been reported that acid-ethanol extracts from brain and other extrapancreatic tissues of rodents and humans contain insulin (identified by the criteria used in this paper) (9, 13, 23) and that similar concentrations of insulin can be found in extracts of cells grown in tissue culture (13) . Because the level of insulin in brain, extrapancreatic tissues, and cultured cells varied little or not at all with extreme changes in the concentration of insulin to which the cells were being exposed, the possibility that many (if not all) mammalian cells make small amounts of insulin (9, 13, 23) was suggested.
Because of this possibility that insulin is not a unique product of the beta cell of the pancreas (or of the nervous system), we have explored the possibility that other organisms contain insulin. Traditionally, insulin had been thought to arise phylogenetically in early vertebrates at the time of the origin of the pancreas. However, more-recent studies of primitive vertebrates have suggested the presence of insulin in specific cells within the gut mucosa, which are thought to represent phylogenetic precursors of pancreatic islet cells In a companion study, we have confirmed the presence of insulin-like material in insects and in worms, although our finding of insulin in both the head and body of the insects and in the inside and outside of the worms suggests that insulin may be more widely distributed than simply in nervous or gut tissue. However, insulin has not previously been noted in any organism that did not have either a gut or neural elements (Table 2) . In this study, we found an insulin-like material in simple unicellular organisms (a ciliated protozoan and unicellular fungi grown in totally artificial media that did not include macromolecules) and substantial amounts of similar material in the conditioned medium in which the protozoa had been grown.
The material that we call insulin is similar to purified mammalian insulins in its solubility in acid ethanol, its elution profile on G-50 Sephadex, its cross-reactivity with anti-insulin antibodies, its bioactivity in the bioassay system, and the neutralization of its bioactivity by anti-insulin antibodies but not by control sera. That the bioactivity is neutralized by anti-insulin antibodies strongly suggests that the immunoactivity and the bioactivity reside on a common molecular entity. These data indicate that the material is similar to insulin and are not compatible with it being proinsulin, an insulin-like growth factor, or other insulin-like material. In fact, it is closer to insulin than any other known substance. ' The insulin material from gel filtration of extracts of Tetrahymena had a biological activity that was approximately equivalent to its immunological activity in the pork insulin immunoassay when both were related to a pork insulin standard. The equivalence of these two activities was unexpected, and no simple explanation can be offered. In particular, it is known that insulins isolated from the beta cells of a variety of vertebrates typically have biological to immunological activity ratios that are much larger than 1 (almost 200 in the guinea pig and bony fish and 5-10 in the chicken). The biological activities of different species of insulin and of insulin-like growth factors vary over a range of several hundred-fold, while their immunological reactivities may be orders of magnitude less than those of the mammalian insulins for which the radioimmunoassay was devised. On the other hand, proinsulins and proinsulin intermediates can be more strongly reactive in the homologous radioimmunoassay than in the bioassay (25) .
Because insulins of species much closer to mammals (e.g., bony fish) have biological-to-immunological activity ratios >>> 1, it is somewhat surprising that Neurospora extracts have activity ratios of 3 (or even 2, if corrected for the nonneutralizable portion) and even more surprising that the Tetrahymena extracts had activity ratios of 1 (as did extracts of Drosophila; data not shown). Our recent study of guinea pigs, which showed that the evolution of insulin may in some cases be non-allelic, may shed light on this matter (26) .
Reports of immunoreactive and bioactive insulin in extracts of brain and other extrapancreatic tissues of humans, rodents, and guinea pigs, as well as in human tissue culture cells and in extracts of the three species described in this paper might raise concern in the mind of the reader, as it has ours, that our materials might be contaminated by insulin during processing. In addition to the usual safeguards of using new and disposable equipment and of working in laboratories that do not use insulin, internal features of the data make an external contamination with insulin unlikely. First, the concentration of insulin that we have found in extracts of extrapancreatic mammalian tissues is close to that reported by three separate laboratories on previous occasions (18, 20, 21) . Second, during the course of these experiments, we have found no insulin at all in extracts of unconditioned Tetrahymena media. Moreover, careful scrutiny of the data given here shows that the patterns obtained on gel filtration, the concentration of insulin in the starting material, and the neutralization capability of the insulin by anti-insulin sera are characteristics of a given species but quite different among the species examined. After an earlier report by Livingston and Livingston (27) , Maruo et al. (28) have characterized a chorionic gonadotropin-like material from a bacterium. This bacterial substance, in addition to its other similarities to human chorionic gonadotrophic hormone, has an immunological-to-biological activity ratio similar to that of the human hormone of placental origin (28) . This suggests that a hormone can be highly conserved over extremely long periods of evolution. Alternatively, the finding of chorionic gonadotropin and of insulin in unicellular organisms that are so similar to their mammalian counterparts raises the possibility that they are the result of a late recombination event (i.e., that these mammalian genes are not native to the unicellular organisms but were introduced later by viruses or other vectors of DNA recombination). However on themselves ("autocrine") and their neighbors ("isocrine"). As a pure speculation, this raises the possibility that the classical intercellular coordinative communicating systems (such as the nervous system and the endocrine system) did not arise in complex multicellular organisms but had their biochemical and functional origins at the level of simple unicellular organisms-i.e., that the biochemistry and physiology appeared early while the specific anatomical details appeared later. Thus, the argument whether the endocrine system is a descendant of the nervous system (or vice versa) might really be turned around to say that both arose from a common simpler precursor. This would help to explain many previously unexplained findings, including the ubiquitous presence of insulin and chorionic gonadotropic hormone (13, 15) in all mammalian tissues, the extraordinary overlap of chemical messengers of the gut and the brain (35) , and the widespread similarities between the endocrine and the nervous systems (7).
Note Added in Proof. In addition to the two types of experiments described in the legend to Fig. 1 to exclude nonspecific effects in the immunoassay, a third type of experiment was performed to exclude the presence of substances that bind 125I-labeled insulin and thereby interfere. A sample of the extract was gel filtered on Sephadex -S50 and the 125I-labeled insulin was eluted in the fractions characteristic of insulin (thus excluding the presence of a binding protein and tracer degradation). Although they do not interfere with the double-antibody RIA method used here, these extracts do contain substances that can interfere with the adsorption of 125I-labeled insulin and other labeled hormones on talc or charcoal and can therefore adversely affect immunoassays that use adsorbants to separate free from antibody-bound hormone.
We have also found insulin, similar to the material in Tetrahymena, in extracts of a prokaryote, Escherlchia coil K-12.
In addition to insulin, by using appropriate extraction and purification methods, we have identified a substance in Tetrahymena material that is very similar to endorphins, based on its position on gel filtration and its reactivity in specific radioreceptor and radioimmunoassays (in collaboration with Drs. M. E. Lewis, C. B. Pert and A. Pert).
